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Introdudion
Giardia is the most frequently iso-

lated enteric protozoan from populations
worldwide and the most common patho-
genic parasite in the United States.1
Waterborne giardiasis has been increasing
in the United States with 95 outbreaks re-
ported over the last 25 years,2 and Giardia
is the most common identifiable etiologi-
cal agent of all waterborne outbreaks.
Bennet et al.3 have also estimated that 60
percent of all Giardia infections are ac-
quired through contaminated water.

Giardia cysts may be found in water
as a result of the deposition of fecal ma-
terial from both man and animals. Surveys
of Giardia cyst levels in various waters
indicate that 26-43 percent of the surface
waters were contaminated with Giardia
cysts ranging in concentrations from 0.3 to
100 cysts per 100L.5-10 Sykora9 has re-
ported an average of 104 cysts/lOOL in raw
sewage with an approximate reduction of
10-2 after treatment (152 cysts/100 L).

The Surface Water Treatment Rule
has been promulgated to address the
amendments to the Safe Drinking Water
Act for controlling Giardia in treated
drinking water.4 This rule mandates that
all surface waters be treated to achieve at
least a reduction of 10-3 (99.9 percent re-
moval) of Giardia cysts. Disinfection is
required for all systems and filtration is
required unless the system meets site spe-
cific criteria and has a protected water-
shed. The US Environmental Protection
Agency (EPA) has also recommended
that a treatment be provided to ensure that
populations are not subject to risk of in-
fection of greater than 1:10,000 (10-4) for
a yearly exposure, and that this is an ac-
ceptable level of safety for potable waters.

As the new regulations and rules
come into effect, health departments will

be called upon to ensure that the public is
adequately protected against waterborne
disease. Risk assessment is a tool by
which health officials can conmunmcate
with the water industry by interpreting
water quality surveys and assisting in de-
fining the adequacy of treatment adhering
to EPA's recommendations of potable
water quality and acceptable public health
risks. This will become particularly impor-
tant as states implement the Surface Wa-
ter Treatment Rule, evaluate new technol-
ogies, and determine what water
management practices will impact public
health.

This paper presents a risk assessment
model that was used to estimate risk of
infection due to waterborne exposure to
Giardia. Dose-response curves were de-
veloped based on human infectivity stud-
ies, and data on the occurrence of Giardia
cyst contamination in waters throughout
the USwere used to define thewater treat-
ment needed to reduce the risk of water-
borne giardiasis.

Methods
To predict a potential public impact

when the risk is small, models are used to
estimate the risk after exposure. Haas re-
viewed three probability models for their
ability to describe experimental dose-re-
sponse data for humans after exposure to
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various enteric microorganisms.'1 Using
the same approach, the simple exponen-
tial and beta distributed effectiveness
models were evaluated for prediction of
Giardia infectivity using experimental
data developed by RendtorffI213 in human
feeding studies.

In Rendtorff's experiments, Giardia
cyst doses ranging from 1 to 106 were fed
to volunteers, and a positive responsewas
measured by cyst excretion in the feces
(Appendix). Laboratory dose-response
studies generally appear to be conducted
under conditions where the distibution of
microorganisms in the administered dose
may be regarded as Poisson. Under these
conditions, if one microorganism is suffi-
cient to cause an infection, and if host-
microorganism interactions are constant,
then the probability of an infection (Pi) re-
sultingfrom ingestion ofa singlevolume of
liquid containing an average number ofor-
ganisms (N) may be defined by a simple
exponential equation.

Pi = 1 - exp (-rN)

In this equation, r is the fraction of
microorganisms that are ingested which
survive to initiate infections ("host-micro-
organism interaction probability") (Ap-
pendix). In this particular case, the expo-
nential model was statistically consistent
with the Rendtorff data and r was calcu-
lated to equal -0.01982.

The 95 percent confidence limits to
the parameter r in the exponential model
were computed using a likelihood ratio
technique. The resulting interval estimate
for r is 0.009798-0.03582. This range was
used in the preparation of Figure 1.

Exposure Estimates
Surface waters were classified into

two categories: polluted waters contam-
inated by sewage and agricultural dis-
charges; and pristine waters originating
from protected watersheds without point
source pollution or input from human ac-
tivities. Giarda cyst levels were exam-
ined for the peak level of contamination
from a single sample, average concentra-
tions for each site, and average cyst levels
for each water classification. Geometric
means were calculated from the average
concentrations from each site.5-10 Giardia
cyst levels were calculated as cysts/100 L
as large volumes of water are routinely
sampled for determining levels ofcontam-
ination.

Using the exponential model, the po-
tential risk of infection was determined

with varying levels of Giardia cysts in
drinking water. The model assumed the
consumption of two liters of water per
day, and exposure N in the formula was
defined by numbers ofcysts per liter times
two liters. Levels ofGiardia cysts found in
polluted and pristine source waters and
assumed levels of 10-3, 10-4, and 10-5
removal by treatment were used to esti-
mate exposure in the model. Maximum
daily risk was estimated using the peak
level ofcontamination and yearly riskwas
determined using the geometricmean con-
centration of Giardia cysts for 365 days of
exposure. Probability of infection was de-
termined assuming a Poisson distnbution
ofmicroorganisms in the drinkingwater,
i.e.,

risk of contracting one or more infec-
tions = 1-(1-Pr(N))c where x = the
number of days exposed and Pr(N) =
the daily risk using the geometric aver-
age for N.

Data from five waterbome outbreaks
of giardiasis were also evaluated for the
Giardia cyst level of contamination de-
tected in the drinldng water and the attack
rates in the exposed population.14 This in-
formation was compared to the estimated
infection rates developed by the exponen-
tial model after varying days of exposure.

Resuds
To ensure less than a daily risk of

10-4, systems using source waters con-
taining 250, 2,500 and 25,000 cysts per
lOOL would need to reduce the level of
Giardia cysts by 10-3, 10-4 and 10-5, re-
spectively, through drinking water treat-
ment (Table 1). Examples of yearly risks
for exposure to varying levels of Giardia
cysts in drinking water are summarized in
Table 2. To ensure less than a yearly risk
of 10-4, systems using source waters con-

taming a geometric concentration of 0.7,
7.0 and 70 cysts per lOOL would require a
reduction of 10-3, 10-' and 105, respec-

tively, by treatment.
In surveys reporting prevalence and

levels of Giardia cyst contamination in
surface waters, average levels of cysts
ranged from 0.33 to 104/1OOL. Eight ofthe
areas where samples were collected from
received treated sewage or agricultural
discharges, however, the level ofpollution
was not documented.5-10 Inwater samples
originating from pristine watersheds (pro-
tected from all human activity) Giarda
cyst levels averaged 0.6 to 5/tOOL. The
percentage of positive samples did not
vary dramatically from polluted to pristine
waters (43 percent and 35 percent, respec-

tively). Peak contamination in a single
samplewas 5.5 times higher from polluted
waters than from pristine waters. How-
ever, geometric averages of cysts were 50
times higher for samples collected from

polluted waters versus those collected
from pristine waters.

The majority of data for the pristine
waters was developed from a study by

710 American Journal of Public Health

(95% confidence limits indicated)
5000.00

u 1 .00

100.00 _

10.00

N 1 2 40
C.9

Log 10 Reduction

FIGURE 1-Log IOTreatment Reduc-
tns for GlrdlaCysts In
Source Waters Yielding
10-4 Annual Risk (95%
confidence limits
indcated)

7

June 1991, Vol. 81, No. 6



Control ofWatelbonie Giardiasis

Ongerth, et aL6 The Tolt, Green and Ce-
darwatersheds in the State ofWashington
were extensively sampled with 222 sam-
ples collected. The averages reported in
the publication included a 22 percent re-
covery adjustment for method efficien-
cies. The data from the Ongerth study6
used in this paper did not include such
adjustments since the data used from
other studies5.7-10 did not take into ac-
count adjustments for recovery efficien-
cies.

Daily and yearly risks were devel-
oped for the peak cyst level and the geo-
metric average, respectively, for the two
water categories (Polluted and Pristine).
The data are shown in Table 3. Yearly
risks ranged from 4.8 x 10' for systems
using polluted waters with a 10' treat-
ment reduction to 1.3 x 10-6 for pristine
waters with a 10-5 treatment reduction.
Between 10-4 and 10-5 reduction with
treatment would be required for polluted
waters to achieve a similar risk as pristine
waters treated for a 10' removal of Giar-
dia cysts. For daily risks for waters con-

taining peak levels of Giardia cysts, the
differences were not as dramatic between
systems using polluted versus pristine
source waters. The peak daily risk was
approximately five times greater in sys-
tems using polluted versus pristine waters
receiving similar treatment for removal of
cysts.

Water samples were collected and
Giardia cyst levels were determined dur-
ing the investigation of five waterborne
outbreaks of giardiasis. Attack rates var-
ied from a low of 0.5 percent in the
Houtzdale and Pittston outbreaks to a high
of 16 percent in the Ft. Plain outbreak.
The level of cyst contamination ranged
from 0.6 to 21 cysts/lOOL. Generally the
lower levels of contamination were asso-
ciated with lower levels of infection in the
population. The data are shown in Table 4.

All five outbreaks were associated
with unfiltered chlorinated surface waters.
Three factors primarily influepced the at-
tack rate for infection: first, ue level of
contamination; second, the level of cyst
viability and inactivation through chlori-

nation; and third, the length ofexposure to
the population whose prior exposure to
Giardia (and potential immunity) was un-
known. Much of this detail is not known.
The exponential riskmodelwas applied to
the known cyst levels from the outbreak
and infection rates were estimated for
varying days of exposure. It is unlikely
that there was a single day of exposure or
that the exposure was equal to the dura-
tion of the outbreaks. Ifone uses interme-
diate times of exposure, five to 10 days,
the infection rates developedby the model
ranged from 0.1 to 7.7 percent.

Discussion

Many regulatory and public health
agencies have accepted risk assessment
models to evaluate the importance of
chemical pollutants in water. How well
these models reflect realitydepends on the
accuracy of the model for characterizing
the independent variables, assumptions,
and the data used to develop the dose-
response curves and exposure.

The most essential component to the
risk model described in this paper is the
dose-response curve. Giardia species/
strains are known to have a low infectious
dose. Rendtorff and Holt demonstrated in
1954 that ingestion of as few as 10 cysts
was capable of initiating infection in two
volunteers. It must be kept in mind that
infection was measured by cyst excretion
and illness was not determined. Asymp-
tomatic Giardia infections may range be-
tween 39 percent and 76 percent for chil-
dren less than five years ofage and adults,
respectively.15'16 Symptomatic infections,
however, have been reported at a rate of
50 percent to 67 percent and as high as 91
percent.17 Chronic giardiasis may also de-
velop in as many as 58 percent of the pop-
ulation infected.18 Thus the illness to in-
fection ratio is highly variable. We
addressed only infection in this analysis of
risk.

Another important issue regarding
the dose response curve based on the
Rendtorff data is uncertainty about infec-
tivity due to strain variation and the im-
mune response to infection by different
populations. The Rendtorff data are de-
rived from one Giardia lanblia strain and
one relatively small sample population.
The confidence interval around the prob-
ability of infection does not take these un-
certainties into account when using the
model as a predictive tool.

Assuming the dose response relation-
ship derived from the Rendtorff data is
representative, we may be overestimating
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risks based on the assumption that all
cysts are viable and all cysts in water are
species which infect humans. In addition,
the 2L of tap water consumption may rep-
resent overestimation of exposure, de-
pending on individuals consumption of
other beverages. However, the underes-
timation of risk may be of greater concern
due to underestimation ofexposure by the
inefficiencies of the methods for detection
of Giardia cysts in water.

In spite of its limitations, the model
can be used to examine waterbome out-
break data and disease surveillance data
associated with various exposure routes.
Epidemiological data, may be even more
insensitive and inaccurate. Attack rates
for waterbome outbreaks, defined by the
number of illnesses in the exposed popu-
lation, are developed using a variety of
methods; they do not take into account
unreported cases or asymptomatic infec-
tions, and may include individuals who
were not exposed. Estimation of infection
based on attack rates is probably under-
stated.

Levels of cysts ranging from 0.6 to
21/1OOL detected in waters were associ-
ated with outbreaks of disease. Giardia
cyst levels found in drinking waters aver-
aged 0.19/lOOL during non-outbreak con-
ditions and were rarely above 1/100L.19
Based on the data in Table 4, it appears the
model may be useful in estimating proba-
bility of infection. The greatest limitation
of the model may be the underestimation
of infection and disease through the use of
cyst concentrations in water without tak-
ing into account method efficiencies, peak
contamination levels, and duration of ex-
posure.

By applying information on Giardia
cyst levels to Figure 1, public health agen-
cies, regulatory agencies, and water utili-
ties can evaluate the adequacy of current
treatment of a drinking water supply, the

need for more effective treatment, or the
tpe of treatment needed in developing
new water supplies.

Public health workers must not only
have an understanding ofwaterborne dis-
ease. The implications ofnew regulations,
watershed protection, and water treat-
ment on indigenous potential waterborne
infections in the population must also be
understood. Standard methods are avail-
able to assess Giardia cyst contamination
in water. Health agencies can utilize such
data in a risk assessment, cost-benefit ap-
proach to establish rational policies for
public health protection. O
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